



Figure S1. Flowchart depicting isolation of a series of M. barkeri 3	
hydrogenase deletion mutants. The first row represents single hydrogenase 4	
deletion mutants, with strain names shown above the relevant genotype (blue 5	
boxes). These strains were used as the starting point for deletion of the 6	
echABCDEF, freAEGB, vhxGAC, or vhtGACD operons. Growth media used 7	
during mutant isolation are indicated. Mutants in red were isolated in this study 8	
and those in black were constructed in previous studies (for references and strain 9	
construction details see Table S3). The tetracycline (Tc)-regulated conditional 10	
vhtGACD mutant is denoted as Ptetvht. The Δvht-vhx mutation simultaneously 11	
removes both operons, along with the Mbar_A1842 and Mbar_A1843 loci, which 12	




Figure S2. Growth of each hydrogenase mutant strain on four different 16	
types of substrate. The methanogenic pathways for growth on H2/CO2 (CO2 17	
reduction pathway; red arrows), methanol (methylotrophic pathway; light blue 18	
arrows), acetate (aceticlastic pathway; green arrows), and methanol/H2 (methyl 19	
reductive pathway; dark blue arrows) are shown as depicted in Figure 2. For 20	
 3 
growth with acetate and methanol/H2, portions of the pathway that are not 21	
required for methanogenesis are shown in light grey. The steps catalyzed by Ech, 22	
Frh, and Vht hydrogenases are shown. A table indicating the ability of 23	
hydrogenase mutants to grow with each type of substrate is displayed next to 24	
each pathway. A green square indicates the presence of a hydrogenase, a red 25	
square indicates the absence of a hydrogenase, and (+) indicates growth of a 26	
strain. Abbreviations used are: Hdr, heterodisulfide reductase; MF, 27	
methanofuran; H4SPT, tetrahydrosarcinapterin; CoM, coenzyme M; CoB, 28	
coenzyme B; CoM-CoB, heterodisulfide of CoM and CoB; Fdox/Fdred, oxidized 29	
and reduced ferredoxin; F420ox/F420red, oxidized and reduced cofactor F420; 30	




Figure S3. Verification of ∆frh in WWM234 (∆frh/∆fre) by Southern 34	
hybridization. Predicted bands (kb): AseI: WWM85 (WT) = 5.6, WWM234 (M) = 35	
1.9; EcoRI: WT = 5.4, M = 2.8; HindIII: WT = 4.9 and 2.6, M = 2.6 and 1.3; XbaI: 36	
WT = 7.8, M = 4.1. MW:  DIG-labeled DNA molecular weight marker III (Roche, 37	
Indianapolis, IN). The probe was a 600 bp PCR product amplified from the 38	




Figure S4. Verification of ∆vht-vhx in WWM327 (∆frh/∆fre/∆vht-vhx) by 42	
Southern hybridization. Predicted bands (kb): SstI: WWM85 (WT) = 9.2, 43	
WWM327 (M) = 1.5; AseI: WT = 4.5 and 1.0, M = 1.4 and 1.0; XmaI: WT = 20.9, 44	
M = 1.7; NdeI: WT = 10.8, M = 3.8. MW:  DIG-labeled DNA molecular weight 45	
marker III (Roche, Indianapolis, IN). The 639 bp and 754 bp fragments of EcoRI-46	
digested pGK12 (Table S1) were used as probe.  47	
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Figure S5. Verification of ∆ech in WWM370 [∆ech/∆frh (#1 and #2)] and 49	
WWM369 [∆ech/∆frh/∆vht (#3 and #4)] by Southern hybridization. Predicted 50	
bands (kb): EcoRV: WWM85 (WT) = 3.6, WWM370 and WWM369 (#1, #2, #3, 51	
#4) = 5.9; HindIII: WT = 4.5, (#1, #2, #3, #4) = 0.5; PstI: WT = 9.2, (#1, #2, #3, 52	
#4) = 4.2. MW:  DIG-labeled DNA molecular weight marker III (Roche, 53	
Indianapolis, IN). The 450 bp fragment of HindIII-digested pGK9 (Table S1) was 54	




Figure S6. Verification of ∆ech in WWM388 (∆ech/∆frh/∆fre/∆vht-vhx) by 58	
Southern hybridization. Predicted bands (kb): EcoRV: WWM85 (WT) = 3.6, 59	
WWM388 (M) = 5.9; HindIII: WT = 4.5, M = 0.5; PstI: WT = 9.2, M = 4.2. MW:  60	
DIG-labeled DNA molecular weight marker III (Roche, Indianapolis, IN). The 450 61	
bp fragment of HindIII-digested pGK9 (Table S1) was used as probe. 62	63	
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Table S1. Plasmids used in this study. 64	
Plasmid Description and/or construction Reference 
pAMG77 
Plasmid containing a pac-hpt cassette and 
echABCDEF downstream region. 
(2) 
pAMG80 
echABCDEF downstream region from PstI/SpeI-
digested pAMG77 ligated to NsiI/AvrII-digested pMP44. 
This study 
pCGR10 
echABCDEF upstream region amplified using primers 
echupfor and echuprev, AscI/NotI-digested, and ligated 
to MluI/NotI-digested pAMG80. 
This study 
pGK6 
Plasmid containing a pac-hpt cassette and freAEGB 
upstream/downstream homology regions. Used to 
delete freAEGB from M. barkeri Fusaro chromosome 
using the markerless exchange method.  
(3) 
pGK7 
vhxGAC upstream and downstream regions amplified 
using primers vh3upfor, vh3uprev, vh3dnfor and 
vh3dnrev, fused with fusion PCR, AscI/NotI-digested, 
and ligated to MluI/NotI-digested pMP44. 
This study 
pGK8 
echABCDEF upstream region amplified using primers 
echdoubleupfor and echdoubleuprev, NotI/BamHI-




Table S1 continued. Plasmids used in this study. 67	
Plasmid Description and/or construction Reference 
pGK9 
echABCDEF downstream region amplified using 
primers echdoublednfor and echdoublednrev, 




vhxGAC downstream region amplified using primers 
vhxdnfor1 and vh3dnrev, SpeI/NotI-digested, and 




Plasmid containing a pac-hpt cassette flanked by FRT5 
sites and PmcrB-tetR. Used to exchange the vhtGACD 




Plasmid containing a pac-hpt cassette and vhtGACD 
upstream/downstream homology regions. Used to 
delete vhtGACD from M. barkeri Fusaro chromosome 
using the double homologous recombination-mediated 
gene replacement method. 
(1) 
pJK301 
Vector containing a pac-hpt cassette. Used to delete 
genes from M. barkeri Fusaro chromosome using 




Table S1 continued. Plasmids used in this study. 68	
Plasmid Description and/or construction Reference 
pMP44 
Vector containing a pac-hpt cassette. Used to delete 
genes from M. barkeri Fusaro chromosome using the 
markerless exchange method. 
(5) 
pMR55 
Non-replicating plasmid that contains the Flp 

























a Introduced restriction endonuclease recognition sequences are single 72	
underlined. Double underline indicates introduced overlap region for fusion PCR.73	
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b T7 promoter region is emboldened. 75	
 76	77	
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Table S3. M. barkeri Fusaro strains used in this study. 78	
Strain Genotype Source or Construction 
WWM85 ∆hpt::PmcrB-φC31-int-attP 













Deletion of echABCDEF in 





















Deletion of vht-vhx in WWM234 
with XhoI/NotI-digested 5.6 kb 
pGK11 and removal of pac-hpt 
cassette using pMR55. 
 79	80	
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Table S3 continued. M. barkeri Fusaro strains used in this study. 81	










Exchange of vhtGACD native 
promoter with Tc-regulated 
promoter in WWM133 using 






Deletion of echABCDEF in 
WWM351 with ApaI/NotI-





Deletion of echABCDEF in 
WWM351 with ApaI/NotI-






Deletion of echABCDEF in 
WWM115 with ApaI/NotI-
digested 5.6 kb pGK9. 
 82	83	
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Table S3 continued. M. barkeri Fusaro strains used in this study. 84	







Deletion of echABCDEF in 
WWM327 with ApaI/NotI-





Removal of pac-hpt cassette in 
WWM369 using pMR55. 
a The promoter replacement cassette from pGK61A (Table S1) includes a copy of 85	
tetR under control of the strong PmcrB promoter (PmcrB-tetR-pac-hpt) to ensure 86	
tight repression of the PmcrB(tetO3) promoter in the absence of tetracycline (1). 87	
 88	
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Table S4. Fold change versus wild-type M. barkeri in RNA abundance for hydrogenase genes and fpo operon in 89	
hydrogenase mutant strains during methylotrophic growth.a 90	
  
Δfre Δvhx Δech Δfrh 
Locus Tag Gene Fold Change p-value Fold Change p-value Fold Change p-value Fold Change p-value 
Mbar_A2287 freA -531.9 3.8E-36 1.3 1.8E-01 1.1 6.7E-01 -1.0 8.5E-01 
Mbar_A2288 freE -97.8 1.7E-04 1.7 4.7E-01 2.5 1.7E-01 1.0 1.0E+00 
Mbar_A2289 freG -604.7 1.8E-34 1.3 2.4E-01 1.3 2.0E-01 -1.1 6.2E-01 
Mbar_A2290 freB -364.1 2.7E-30 -1.0 8.7E-01 -1.3 1.7E-01 -1.1 4.6E-01 
Mbar_A1841 vhxG -1.1 8.9E-01 -54.2 7.2E-06 -1.4 4.5E-01 -1.1 8.9E-01 
Mbar_A1840 vhxA 1.0 1.0E+00 -75.5 1.3E-08 1.1 1.0E+00 -1.0 1.0E+00 
Mbar_A1839 vhxC -1.0 1.0E+00 -43.7 1.6E-04 1.2 8.9E-01 1.1 1.0E+00 
Mbar_A0152 echA -1.3 2.9E-01 -1.4 1.6E-01 -220.4 2.2E-45 -1.4 1.9E-01 
Mbar_A0151 echB -1.3 1.5E-01 -1.5 3.3E-02 -52.3 6.4E-52 -1.3 1.6E-01 
Mbar_A0150 echC -1.4 2.1E-01 -1.4 2.2E-01 -80.5 3.6E-37 -1.3 3.0E-01 
Mbar_A0149 echD -1.4 4.2E-01 -1.9 8.3E-02 -54.7 7.9E-17 -1.6 1.9E-01 
Mbar_A0148 echE -1.3 1.9E-01 -1.5 7.0E-02 -115.6 3.2E-53 -1.4 8.2E-02 
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Mbar_A0147 echF -1.1 8.7E-01 1.0 9.3E-01 -973.0 1.4E-25 1.0 9.9E-01 
Mbar_A0452 frhA 1.3 8.0E-01 1.3 8.0E-01 2.3 3.9E-01 -811.2 1.7E-06 
Mbar_A0451 frhD 1.2 8.1E-01 1.1 9.1E-01 1.8 4.4E-01 -1810.3 3.0E-10 
Mbar_A0450 frhG 1.2 8.7E-01 1.1 9.2E-01 2.1 4.6E-01 -1215.0 8.1E-07 
Mbar_A0449 frhB 1.2 8.1E-01 1.1 9.3E-01 2.0 4.6E-01 -950.5 2.0E-07 
Mbar_A1847 vhtG -1.5 4.8E-01 -1.3 6.8E-01 1.1 8.2E-01 -1.2 7.3E-01 
Mbar_A1846 vhtA -1.5 5.0E-01 -1.3 6.0E-01 1.0 9.7E-01 -1.2 7.5E-01 
Mbar_A1845 vhtC -1.4 5.2E-01 -1.4 5.8E-01 1.2 7.9E-01 -1.2 7.5E-01 
Mbar_A1844 vhtD -1.8 1.9E-01 -1.4 4.1E-01 -1.6 2.9E-01 -1.3 5.7E-01 
Mbar_A3412 fpoA 1.9 4.5E-03 1.6 3.5E-02 1.2 5.6E-01 4.9 1.6E-12 
Mbar_A3411 fpoB 1.8 4.7E-03 1.8 7.1E-03 -1.0 9.8E-01 4.9 1.0E-13 
Mbar_A3410 fpoC 1.7 4.2E-02 1.2 4.9E-01 -1.2 4.8E-01 3.9 1.7E-07 
Mbar_A3409 fpoD 1.6 1.2E-02 1.9 2.0E-04 1.4 7.9E-02 5.2 4.1E-20 
Mbar_A3408 fpoH 1.4 1.6E-01 1.5 1.2E-01 -1.1 7.8E-01 4.8 1.0E-11 
Mbar_A3407 fpoI 1.2 4.4E-01 1.3 2.1E-01 1.0 9.0E-01 3.7 3.4E-09 
Mbar_A3406 fpoJ 1.2 4.6E-01 1.6 2.6E-02 1.2 3.6E-01 3.8 2.7E-11 
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Mbar_A3405 fpoJ 1.9 8.0E-02 1.3 5.4E-01 -1.2 6.9E-01 3.7 3.0E-04 
Mbar_A3404 fpoK 1.2 7.7E-01 -1.0 9.6E-01 -1.6 3.2E-01 3.0 1.3E-02 
Mbar_A3403 fpoL 1.0 1.0E+00 1.2 5.2E-01 -1.1 7.3E-01 4.1 2.8E-11 
Mbar_A3402 fpoM -1.3 1.7E-01 1.1 7.4E-01 1.2 3.9E-01 4.2 2.4E-12 
Mbar_A3401 fpoN -1.2 2.9E-01 -1.0 8.8E-01 1.5 6.2E-02 4.5 2.3E-13 
Mbar_A3400 fpoO -1.5 8.9E-02 -1.1 8.3E-01 1.0 9.8E-01 3.8 7.8E-09 
Mbar_A0255 fpoF 1.4 4.9E-02 1.6 4.2E-03 -1.1 5.2E-01 1.6 6.9E-03 
 91	92	
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Table S4 (continued). 93	
  
Δech/Δfrh Δfrh/Δvht Δech/Δfrh/Δvht Δech/Δfrh/Δfre/Δvht-vhx 
Locus Tag Gene Fold Change p-value Fold Change p-value Fold Change p-value Fold Change p-value 
Mbar_A2287 freA 1.2 5.1E-01 -1.1 8.3E-01 2.9 9.2E-07 -99.7 2.0E-29 
Mbar_A2288 freE 2.7 1.5E-01 1.6 5.2E-01 1.9 3.7E-01 -97.8 1.7E-04 
Mbar_A2289 freG 1.2 3.7E-01 -1.1 7.1E-01 2.2 4.0E-05 -604.7 2.5E-29 
Mbar_A2290 freB -1.2 3.0E-01 -1.2 2.8E-01 -1.0 1.0E+00 -364.1 6.4E-25 
Mbar_A1841 vhxG -1.4 3.5E-01 -1.1 8.9E-01 2.0 3.8E-02 -54.2 6.9E-05 
Mbar_A1840 vhxA 1.1 9.0E-01 -1.0 1.0E+00 1.8 2.2E-02 -75.5 1.9E-07 
Mbar_A1839 vhxC 1.1 1.0E+00 -1.6 4.2E-01 1.2 7.9E-01 -43.7 1.2E-03 
Mbar_A0152 echA -54.6 6.6E-37 -1.4 1.5E-01 -40.0 1.5E-31 -249.9 2.3E-42 
Mbar_A0151 echB -54.5 9.5E-49 -1.4 7.9E-02 -36.1 2.3E-41 -152.9 2.2E-53 
Mbar_A0150 echC -48.0 2.4E-33 -1.3 3.5E-01 -22.7 1.2E-24 -82.4 2.5E-35 
Mbar_A0149 echD -43.1 6.9E-16 -1.9 8.2E-02 -39.4 6.9E-15 -2607.8 2.8E-23 
Mbar_A0148 echE -63.0 3.8E-47 -1.5 4.9E-02 -28.2 6.3E-37 -3067.4 3.2E-53 
Mbar_A0147 echF -55.1 1.6E-15 1.2 6.9E-01 -21.7 6.2E-11 -6968.8 2.0E-26 
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Mbar_A0452 frhA -47.2 1.0E-03 -25230.1 1.3E-08 -63.1 5.3E-04 -5837.8 4.2E-08 
Mbar_A0451 frhD -44.0 3.2E-05 -8429.2 6.2E-11 -78.9 4.1E-06 -8429.2 6.2E-11 
Mbar_A0450 frhG -55.0 7.7E-04 -25291.8 1.5E-08 -73.1 4.1E-04 -25291.8 1.5E-08 
Mbar_A0449 frhB -57.4 2.7E-04 -7341.3 4.2E-09 -78.5 1.2E-04 -28006.3 1.2E-09 
Mbar_A1847 vhtG -1.1 8.4E-01 -6239.5 5.1E-19 -5.5 4.0E-03 -1322.8 9.2E-17 
Mbar_A1846 vhtA -1.1 8.5E-01 -2281.4 5.0E-17 -5.2 4.9E-03 -13617.9 1.2E-17 
Mbar_A1845 vhtC -1.2 8.0E-01 -2177.1 6.2E-17 -5.3 5.1E-03 -17721.7 4.7E-18 
Mbar_A1844 vhtD -1.3 5.6E-01 -3020.5 5.9E-21 -6.7 3.9E-05 -3020.5 7.0E-20 
Mbar_A3412 fpoA 11.6 7.0E-26 5.7 1.6E-14 6.9 3.3E-17 6.7 9.9E-17 
Mbar_A3411 fpoB 11.0 3.8E-27 6.2 4.3E-17 5.0 9.0E-14 3.2 5.7E-08 
Mbar_A3410 fpoC 8.7 7.3E-16 4.4 1.4E-08 4.2 4.3E-08 2.8 1.1E-04 
Mbar_A3409 fpoD 14.3 7.9E-46 7.7 2.3E-29 15.0 4.2E-47 18.2 1.5E-70 
Mbar_A3408 fpoH 10.6 1.5E-24 5.9 1.4E-14 5.2 7.9E-13 5.7 7.3E-14 
Mbar_A3407 fpoI 7.9 5.3E-20 4.9 8.7E-13 3.3 5.3E-08 3.3 6.0E-08 
Mbar_A3406 fpoJ 8.9 2.4E-26 5.2 5.4E-16 5.0 2.6E-15 4.8 1.5E-14 
Mbar_A3405 fpoJ 8.4 6.7E-09 5.3 4.2E-06 3.8 2.1E-04 2.0 6.2E-02 
Mbar_A3404 fpoK 5.2 2.3E-04 3.4 6.0E-03 1.3 6.5E-01 -1.0 9.6E-01 
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Mbar_A3403 fpoL 9.4 2.6E-25 6.0 3.5E-17 5.2 8.2E-15 6.0 5.2E-17 
Mbar_A3402 fpoM 10.4 2.2E-28 6.1 2.2E-18 9.7 7.1E-27 14.9 9.1E-36 
Mbar_A3401 fpoN 11.3 4.5E-30 6.6 8.4E-20 11.7 1.1E-30 16.7 3.2E-38 
Mbar_A3400 fpoO 8.9 7.4E-20 4.7 3.3E-11 3.3 1.7E-07 3.2 4.7E-07 
Mbar_A0255 fpoF 1.6 9.6E-03 1.6 7.1E-03 1.6 5.6E-03 1.2 2.7E-01 
aRNA-seq experiments were performed as described in the Materials and Methods section. The full analysis of all genes 94	
can be found in Dataset S1. Raw and processed data have been deposited in the Gene Expression Omnibus (GEO) 95	
under the accession number GSE98441. 96	97	
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Table S5. Calculation of estimated hydrogenase activities with native cofactors. 98	
Published hydrogenase activity values with native and non-native cofactors 
Hydrogenase Organism Electron Acceptor Specific Activity (U/mg)a Vmax (U/mg)
a Ratiob Source 
Frh Methanosarcina barkeri Fusaro 
F420 82.8 222 0.32 (8) 
benzyl viologen - 703 
Vht 
Methanosarcina mazei Gö1 methanophenazine 3.2 - 
0.63 
(9) 
2-hydroxyphenazine 2.2 - 
Methanosarcina barkeri MS benzyl viologen - 96 (10) 
methyl viologen - 120 
Methanosarcina mazei Gö1 2-hydroxyphenazine 2 - (11) 
methyl viologen 5.8 - 
Ech Methanosarcina barkeri Fusaro 
ferredoxin - 50 0.24 
(12) benzyl viologen - 210 
H+ (H2 formation) - 90   
Calculation of biologically relevant hydrogenase activity   
Hydrogenase 
Measured Specific 
Activity with benzyl 
viologen as electron 
acceptor (U/mg)a 
Ratio (Native 













Frh 8.08 0.32 2.55 Not Calculated 
 
 
Vht 2.60 0.63 1.63 Not Calculated 
 
 
Ech 0.42 0.24 0.10 0.18 
 
 
a All Units adjusted to 1 µmol H2 oxidized (or reduced for Ech H2 formation)/min. 99	
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b Vht ratio calculation: (methanophenazine/2-hydroxyphenazine)*(2-hydroxyphenazine/methyl viologen)*(methyl 100	
viologen/benzyl viologen). 101	
c Ech calculated Specific Activity for H2 formation = (calculated Specific Activity for H2 oxidation)*((Vmax for H2 102	
formation)/(Vmax for ferredoxin reduction)).103	
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